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Summary

Adaptive Multiplexed Wavelength and Spatial SigRebcessing was a project under the
DARPA Photonic Wavelength and Spatial Signal PreicgsProgram. The project
included spectral imaging system hardware developiad testing at Duke University,
system analysis and algorithm development effdrtieaUniversity of Arizona and
spectral imaging focal plane development at thevelsity of Virginia.

System development at Duke initially focused omtiohal shear interferometer designs
and included a variety of RSI system demonstratiSndsequent studies led to
revolutionary spectral sensor designs based oroplwotrystals and coded aperture
systems. The Duke team collaborated with the Azgroup in evaluation of spectral
imaging system performance. The P-WASSP programedt/niversity of Arizona has
produced significant results in four areas: (1)lm&ar estimation for interferometric
imaging, (2) information-theoretic analysis of intaggsystems, (3) feature-specific
imaging, and (4) super-resolution via nonlineargmaombining. Jointly, the Duke and
Arizona efforts produced 10 journal papers anddriference presentations.

The VLSI group at the University of Virginia deseghan optical sensing front-end for
interferometer imaging, The design goals for thimsnd-alone photo-detector chip on
incoming modulated light, with modulating signaéduency around 15 KHz and carrier
light wavelength around 650 nm.
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K. Lepage, D. Thomson, S. Kraut and D. J. Bradyultiaper scan-free spectrum
estimation using a rotational shear interferomeéterappear in Applied Optics,
May 2006

Spectral maging Systems

Initial studies under this program focused on thectral imaging using rotational shear
interferometers. Based on information theoretic design analyses developed in
collaboration with the Arizona group, the projekpanded to include photonic crystal
and coded aperture imagers. Coded aperture hyp#aigenaging resolves the “missing
cone” problem encountered throughout the P-WAS®Bram. Continuing work in this
regard is described in Gehm, M. E. and D. J. Bf2096). High-throughput
hyperspectral microscopy. Three-Dimensional andtidiohensional Microscopy: Image
Acquisition and Processing XllI, San Jose, CA, USRJE.

For background on the original thrust of this peogr this document describes spectral
imaging on the rotational shear interferometer.

The Rotational Shear |nterferometer

The RSl is similar to a Michelson interferometecept that the planar mirrors on the
arms are replaced by right-angle folding mirrafsg. 1 shows a diagram of an RSI.

Fig 1. Diagram of a rotational shear interferomete

The RSI allows us to measure the mutual coherehiteeancident wavefront by
interfering the wavefront with a rotated and timredayed version of itself. One of the
arms of the RSI can be rotated about the optidhl, producing the shearing angle. A
wavefront incident upon the RSl is initially sgdy the beam splitter and then traverses
both of the arms. One of the arms folds the wawvefwhile the other both folds and
rotates the wavefront. The arm with the rotatiorchamism is also translatable, allowing
for a path length difference between the two ajos,like a Michelson interferometer.



After traversing the arms, the wavefront is recameldiand imaged on a digital focal
plane.

The RSI has been used in astronomy, primarily duitve 1970s and 1980s before
adaptive optics became available to the astronanmyunity. All uses of the RSI
during this period applied the van Cittert-Zerntkeorem [1]. This theorem states that
under the restriction of a quasi-monochromatic spet, a measurement of mutual
intensity from a source is equivalent to the Faumansform of the spatial intensity
distribution of the source. This allows astronosrie reconstruct the image of a star
from the FFT of the interference pattern recordéti an RSI from a telescope and
narrow band spectral filter. Initially, Breckengielanalyzed an interferometer identical
to an RSI with the shear fixed at 90 degrees ik goal was to take high resolution
astronomical images through the atmosphere. Heatetl a set of short exposure
interference patterns, eliminated the interfergratterns that were distorted by
atmospheric turbulence, and combined the remaiiodemalysis. Later, the RSI was
used and analyzed by Roddier, Mariotti, and Clietlsuccessful stellar observations [3-
8]. In all cases, photon efficiency was a serijouablem because of the narrow band
spectral filters used to meet the quasi-monochrizrsatirce condition.

Spatio-Spectral Triangulation

If we consider a monochromatic point source witlvglangthA and at distance the
field due to this source is a spherical wave, E(r).

. r
E(r)="e™"
r
When we measure this field with an RSI, the CCDsuess the sum of fields reflected
from the two arms of the interferometer. If we leegthe amplitude factor, and lgtand
r, be the distances of the point source through s @f the interferometer, we arrive
at the following expression for the field at the @C
i2rt i2n'2
Ecp & 7 +e
The CCD measures the intensity, or square of thgninade, of this electric field.
Simple trigonometry identities convert this expresgo the sum of a constant and a

cosinusoidal term.
2
=2+ 200:{277701 - rz)j

For a monochromatic point source, the RSI prodadeg dimensional sinusoidal fringe
pattern that can be analyzed with an FFT. A sitianeof the RSI's response to a
monochromatic point source is shown in Fig. 2.
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Fig. 2. RSl response to a monochromatic point®and the FFT of this fringe pattern

The spatial and spectral information in this fringgtern are linked such that you cannot
solve for the absolute angular position and waglennless two measurements are
made from different positions. Each measurementiges an estimate of the target’s
position. The angular position of the point sousceurs at the intersection of the two
estimates. The two measurements can be made witlgla RSI that is slightly rotated
between measurements or by a pair of RSI's that hdknown misalignment between
their optical axes. The following equations carubed determine the positiog) and
wavelength X) of the point source:

_ 1 v = [ty —v V2 —
tan(@)_Ztan—W(Vz Vi \/(Vl Vz) 4\/1\/2'[5“12 (Aqox ))
_sin(29) o 2
) v, () - tar (ag)

In these equation$, is the shear angle of the RS{,and v are the horizontal
components of the spatial frequency of the sinuBmidhe first and second
measurements, arp, is the misalignment between the two measurements.

For a non-monochromatic point source, a similadysis works to resolve the
target’s position — the intensity of the two dimiemsl sinusoid is modulated by a
function containing the spectral data. Again,FRd or a two dimensional sinusoid fit
algorithm can be used to determine the parametgrsred to solve for angular position.
In this case, however, the FFT of the fringes shgpestrum of the point source
convolved with reconstructed points. An exampléhes is shown in Fig. 3, based on an
RSI's response to a white LED in the lab.
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Fig. 3. RSI fringes from a white LED and their FFT

In Fig. 3 two copies of the spectrum of the pomirse appear along the radial line
between the two stretched points in the image. sBtend measurement of the source
provides a factor to determine the proper scaling gpectrum taken along the radial line.
The spectrum taken from Fig 3 is shown beside atgpa measured with an Ocean
Optics spectrometer in Fig. 4.

=500 |

Fig. 4. White LED spectrum measured by RSI andraroercial spectrometer.

The response for the RSI above 800nm is due tmWirérequency noise that can be seen
in the center of the FFT picture in Fig. 3.

Analysisand Estimation

INonlinear Estimation for Interferometric Imaging

In this work we have conducted a comparative stfdwo different imaging systems for
distant point sources. One is a conventional fptate system and the other is a non-
traditional system based on a rotational sheantegferometer (RSI). The RSI produces
a linear fringe pattern in response to each olgeutt source. Within the P-WASSP
program we have developed a new nonlinear algorithrastimating point source
parameters in an RSI and we have found that tmsnmoalinear method outperforms
traditional Fourier methods. In order to compaeeRE1 with a conventional focal plane
system we have characterized the intensity- andigoesstimating ability of these two
optical systems in the presence of noise. In cdearake our comparison fair, we
developed a nonlinear algorithm for use with coniegral systems and compare its
performance with that of our nonlinear RSI posteassing method. We find that the RSI
is always inferior to the conventional imager fdddive white Gaussian noise dominated
measurements; however, the two imaging systemsde@omparable performance in
the shot-noise limit.

We have also studied the super-resolution abifigus nonlinear estimation algorithm
for pairs of nearby monochromatic point sourcegufé (5) shows how our nonlinear
algorithms can provide position estimates (RMSEmdroximately 0.01 pixels based on



either conventional or RSl imagers; whereas, limeathods (e.g., FFT-based) provide no
better than RMSE=0.2. We have also extended oumsam estimation algorithm to the
domain of multi-spectral RSI imaging. Given a sengblychromatic point source
characterized by M wavelength bands we find amuogdtestimate of position and
intensity. Once again we find that the performaac@eved using an RSI is comparable
to that achieved using a conventional imager.

Information-Theoretic Analysis of Simple Incoherémiaging

In this work we have studied the information capaof a few simple incoherent imaging
systems. Previous efforts along this direction hgemerally assumed a Gaussian model
for the object space; however, in most instancesiodel is not adequate. We have
taken a different approach in which we assumethebbject space comprises relatively
few equal intensity point sources. In this case fossible to completely describe the
object configuration using a list of point-sourcasfiions and the role of the imager is
therefore to provide measurements that facilifagedptimal estimates of these positions.
Toward this goal we define the information capaoityan imaging system as the mutual
information between the object space and the measnt space. Using this metric we
have analyzed three candidate imaging systems ¢dhventional lens imager, (2) a
cubic phase mask imager, and (3) a random phadeimager. We find that the use of a
random phase mask can maximize the measuremeapegrtnd in low-noise conditions
can be used to maximize the imaging mutual inforonatiMI). For example, we find the
rather surprising results that with only a singiettor element, images of a single point
source using a random the IMI achieved by a comwealt lens imager. Two such
random phase mask imagers deployed at 90 degréles dbject space can provide
IMI=89% of the total scene information. We find thiae cubic phase mask provides
performance between these two extremes, exchaagiafinformation for lateral
information as shown in Figure (6).

Feature-Specific Imaging

This work represents the most significant eleméiuo P-WASSP program. In this
activity we have studied incoherent optical systémas can directly measure linear
projections of the optical irradiance distributidie find that such direct feature
measurement exploits the multiplex advantage andrfall numbers of projections, can
provide higher feature-fidelity than those systeha post-process a conventional image.
We have verified this observation using a large pervariety of features including
various types of wavelets, principal components)(PHadamard features, independent
components, and Fisher features. It should alswobed that the direct measurement of
(relatively few) linear projections also resultssignificant dimensionality reduction.
Feature-specific imaging can therefore be useddaae the complexity of imager
hardware and/or increase the frame rate of imageisition.

We have studied several applications within whiigfhHidelity feature measurements
can be used. The first application exploits higlefity PC feature measurements in an
effort to reconstruct a high-fidelity estimate bétoriginal object. In this case we find an



interesting/important tradeoff: increasing the neméf measured PC features reduces
the truncation error associated with the objeabmstruction; however, it also increase
the number of required measurements and thus sesdhe measurement noise. There is
an optimal number of features as shown in figufer a noise variance of 500. Plotting
these optima as a function of noise level resalthe plot of figure 8. It is important to
see that feature-specific imaging is superior fuisa levels beyond=8. The extension
from monochromatic feature-specific imaging to msfiectral feature-specific imaging
is straightforward and results in even more sigaifit performance improvements as
shown in figure 9. These results are obtained fseren-band LANDSAT-7 data and
some example images are shown in figure 10a (caioveth measurement) and 10b
(feature-specific measurement).

We have also studied feature-specific imaging && within an automated pattern
recognition environment. Wavelet, PC, and Fishatuiees were investigated for a face
recognition application. Once again it was ournbte exploit the high feature-fidelity
afforded by features-specific imaging in orderdalize significant gains in recognition
performance. Figure 11 is an example comparisond®t conventional imaging and
feature-specific imaging using a neural recognitigorithm. We see that an
extraordinary degree of noise tolerance is proviggdse of the feature-specific
approach.

Nonlinear Image Combining

In this work we seek to combine several low-resolumeasured images in order to
obtain a high-resolution estimate of the objecisTé common practice in cases for
which the image resolution is limited primarily the pixel-size of the camera. In these
cases the camera can be dithered on a sub-piXelisaader to provide “shift diversity”
and allow recovery of details below the pixel dir@t. In our activities we have pursued
the use of (a) multiple cameras as opposed toghesttithered camera and (b) the use of
additional dimensions of diversity (e.g., shifttatbon, scale, and fill-factor) in order to
provide a better-conditioned inversion to the risglimage reconstruction problem. We
have adapted the conventional iterative back prajag (IBP) method to the new
inversion problem represented by (a) and (b). Téréopmance of our new algorithm can
be seen from the example in figure 12 in whichadhmera SNR=46dB and the measured
low-resolution images are 4x under-sampled in biotensions. In this example we plot
the RMSE of the reconstructed object as a funaiidhe number of imagers used in the
reconstruction. The curve representing high-divgisiseen to outperform the other two
cases. Figure 13 depicts some example reconstngciiod we see that excellent visual
guality is achieved by use of 32 low-resolution eaas.
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Figure 7: Reconstruction M SE versus number of measured features for PC feature-
specificimaging with AWGN [12=500.
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Figure 10: Examplereconstructionsfrom LANDSAT-7 images at noise s=40. Top
row isfor conventional imaging and bottom row isfor feature-specific imaging with
16x16 blocks.
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Figure 12: Reconstruction RMSE versus the numbénefresolution images for the
case of 4x under-sampling and SNR=46dB.

(a) (b) (€) (d)
Figure 13: Reconstructed images at SNR=54dB withrder-sampling and using (a)
M=2, (b) M=4, (c) M=8, and (d) M=32






Design and testing a photo-detection chip

1). Realizing all functionalities and componentsaosingle chip is a fundamental
advantage as well as a challenge of using

VLSI technologies.
2). Firstly, convert incoming light to current arad,the same time, demodulate the signal
from carrier into signal frequency

range.
3). Secondly, convert current to voltage, and
4). Amplify ac voltage to ease the requirement$ront-end signal processing
5). Then, perform front-end signal processing biyigg rid of the dc information, and
extracting ac voltage to get amplitude

and phase information.
--- 2), 3), 4) and 5) are the functionalities atk individual pixel, which has same
structure but functions independently.
6). Replicate the pixel in a 2-dimension spaceotanfan array, so that relative amplitude
and phase among each pixel in the

array can be extracted and then processed byldgiteal processing (DSP processing
is the topic of another research
group)

7). Hard limits for the pixel and array design pushed to achieve: high fill factor ( >
10% ), small area (to allow at least

32x32 pixels on a single chip for DSP proteps adaptive input dc level(large
input light dynamic range).
8). Soft limits such as low noise level, power apded, as a trade-off, are relaxed only if
the hard limits could not be

achieved under other constraints.
9). Add only necessary peripheral circuitry to liégaie array operation and data/control
/0.
10). Design appropriate testing bench for chiprigst

At the chip level, as shown in Fig. 14, the armypperated by control logic with control
I/O and data I/O.

Pixel

Dat;I/O
e ﬁ_ E_EM_ —_——
e

Control logic and I/O



Figure 14. Chip block diagram

At the pixel level within the array, as shown irgFiL5, the design comprises an optical
signal converting unit (hereafter also called darand a signal extracting unit (hereafter
also called part 2) to fulfill the design goals2)f 3), 4) and 5).

! THE CHIP
Light emitting unit

GQ\

- — PART 2

PART 1

— .

AC@

DC(P

Figure 15. The sketch of the pixel, including patll part2 (except that those outside
the box, i.e. the AC, DC sources, and photo-emittethe left side of the sketch, are not
in this design. But they are included for illusitpat purpose)

II. Optical Converting Unit Design And Analysis

A. Photodiode

The optical converting unit (part 1) first convetit®e optical signal into a signal current
via silicon photodiodes implemented by standarcclop- N-well/P-substrate structures.
This photodiodes also perform demodulations[12f Téverse-biased photodiode allows
a continuous current, including background curresignal current and other noise
current, to flow as long as the diode is situated circuit loop.



Figure 16. The photodiode and th®V converting via

R load X i
resistor/transistor.
Vi Left: A photo diode and a resistor form a simptéV
bias .
—e conversion. (The R, C and a current soarce
the left of photodiode, connected by dasds,
I ® Ly form a circuit model for the photodiode)

signal

Right: Additional biasing and a transistor are atide
into the simple photodiode + resistor cure
for a better £ V conversion.

On the left side of Fig. 16, a simplified model tors photodiode is shown on the left of
diode[12]. This on-chip photodiode significantlyinginates parasitic effect of off-chip
commercial photodiode. For good precision in sigeahsing and processing, low
element area and high fill factor are required.

B. TIA

A transimpedance amplifier (TIA) then converts pmoirrents detected by the
photodiode into voltages. The TIA is commonly dapgled with the photodiode, as
shown on the right side of Fig. 16. A common gasge is used here to convert current
to voltage with the dc bias point set by a dc aurreource, labeled asab
Transimpedance gain is determined by a load resistthe practical on-chip realization,
this load resistor is implemented by an active PMf@8sistor ( called “Bad’ in Fig 17).

A simplified TIA schematic is shown in Fig. 17.

PBIAS 1

—P——' l:J Pload

s

Cutput

.
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e

PBIAS 2

Figure 17. Transimpedance amplifier schematic JTIA



The overall final TIA structure has an extra MOSF&Td its biasing path on the right
side to reduce the input impedance of the commde, g® that almost all the signal
current will be sucked into load resistor. The inpapedance is reduced to be 1/A after
this extra transistor added, where A is the loop dar the loop around this extra
MOSFET amplifier. Another benefit of this extraaiitry is a much more stable reverse
bias for the photodiode, and thus reduces assdcraieses due to photodiode biasing
fluctuation.

The transfer function of this unit is : V(odt)VH(in) = Road = I no I p-load

(1)

TIA’'s small signal model is shown in Fig. 18. Frosimulation, Fig. 20 shows
transimpedance is around 150 db from DC up to 1 MXmore accurate model will be a
second—order transfer function calculated from ssighal model with additions of input
capacitor Cland load capacitor C2:

Vout (@ Gnb) Rioad
N — " (@+F Gu * CiS) (Roac &S + 1) 2)(

The noise model of this common-gate stage is shovwag. 19. Refered back to the input
node, the input-referred equivalent thermal noiseent is 57GA / Hz  for gn.n1= 20.9
uS and Gh-pload= 9.4US, while the total thermal noise over a band okbiz is 1.63 x 10°

20 A% The flick noise referred back to input is caltethas a total of 7.053 x T®A? for

a band of 5Hz. This leads to total calculated noise of 8.68 X°I& for our choices of
transistor sizes. TIA input equivalent noise is iated to be about 80f@ / Hz ¥? up to
100 MHz and output equivalent noise is about &2 / HZ'? in the middle band.
Equations for noise calculations are listed belo(Equation 3 is for thermal noise,
equation 4 is for flicker noise, and equation foistotal noise).

In2,in -t = 4 kT g_( g m - nl + g m - pload ) (3)
| 2 :1/f grﬁ—annl_'_ grfl—poKpo 4)
n,in - f

C ox (WL )nl (WL )po

(5)

50 k
2 — 2 2
In,in—total - J-(In,in—t+ In,in—f)df
1
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The signal obtained from the optical convertingt usirepresented by three parameters,
frequency, amplitude and phase. Because we alieaaly its frequency, we can reduce

the whole waveform to only three points of thisnsigby using a signal extracting unit

(ie. a frequency selective filter, including a foeqcy selective sampling switch and a
holding capacitor), followed by low-pass filters filter out high frequency components

and noises [11]. These three points together wikk gnagnitude and phase information,

and therefore the original sinusoid signal. Thiefiworks better than other continuous
time filters for signals with known frequencies dvlng digitized, but noise is one of the

major sources of error in outputs of this filter.

A . Frequency selective



The above concept is transformed to a simple dmagtaown in Fig.21. A switch samples
an input sinusoid signal and deposits sampled ehanga holding capacitor. When the
sampling frequency coincides with the signal fretguye the voltage held on the capacitor
gets rewritten every time the switch samples. Tdgsnstant voltage results. Depending
on the phase difference between input sinusoidsantpling pulse, this sampled constant
voltage can be at any point of input sinusoid waxef The top part of Fig. 9 from
simulation shows this concept.

fs

Input output

1

AC —_—

Figure 21. Simplified model of frequency selective
filtering

On the other hand, if two frequencies are not #mes the voltage on the hold capacitor
will step up and down on different sampling momenith an overall averaging effect

(after low-pass filters) to be the dc voltage loé input sinusoid signal. This voltage is
always the same no matter the phase differenceeeetwnput sinusoid and sampling

pulse. The bottom part of Fig. 22 shows this cohcEpus we can frequency selectively
sample input signals. The block diagram of theffilimplemented in CMOS is shown in

Fig.23.

B. Low pass filter

To extract dc constant voltage from holding camace low pass filter with dynamic gate
biasing technique is needed for filtering with véow corner frequencies. As the size of
the on-chip capacitor is limited, a very large aetresistor is needed to achieve a very
low corner frequency. But this resistor can nottbe large as it determines the time
constant of the filter so that the output can raechinal value fast enough. This trade-off
requires a dynamic gate biasing technique on thieeaMOSFET resistor. The dynamic
gate biasing circuit samples the output voltageadjdsts accordingly the gate voltage of
active MOSFET resistor by using source followers.

C. Noise analyses

Major noise sources associated with the samplintckvean be approximated by a RC
structure, which has an equivalent noise voltagéhercapacitor as approximately ( KT/C
)*2 for infinite bandwidth. So with a 1-pF capacitdnettotal noise voltage at output is
equal to 64.3uV. There are also noises from channel charge iojectind clock



feedthrough, among others from the switch structlireese effects result in three types
of errors in MOS sampling circuits: gain error,aftsets, and nonlinearity.

For an active RC low-pass filter, its thermal nowsdtage is ( kT/C Y , too. Flicker
noise (1/f noise), which is significant at low fremcies, also plays an important role in
the total noise power. In addition, small rippleound the low-pass filter corner
frequency goes through the filter and results iceutainty in measurement of final dc
output. Finally, different time constants due téfedent input voltage levels will affect
the speed of filter to achieve the final dc levidius samples measured at begining may
have larger deviations from the correct dc valubesk last two effects happen to
conflict, improving one will deteriorate the othespecially when simulation models are
inaccurate for transistors working under subthrestar turn-off region. The output
equivalent noise from simulation is shown in Fig.24

Tronaiert Reaponse o
1og i WTCAmalEr) s
—_ frequencies
> 1.5B €q
1.45
1mm -b YTETEnEnEETh
= MMMZ
1,46
ap N arr 1]
8
o =2a
= 1m
a8 P P L L MEFErE I B -]
0.8 a0 +an CLLGM LT T8m
trme [ o }
Tronaiest Reaponse L]
Lsem et ¥TlARmelgrd Different
frequencies
L 1.596 _-J—I‘_ €
T
- 1450 —I_
1,445 1 n L " )
1Em = NTLTAMEnREET)

(vl
g

4p N Pais YL ]

¥
b
o

.8 2AAu AU (1M [[]:=0 1.8m

Figure 22. Sampling effects of frequency selechikering. ( In both “same frequencies”
and “different frequencies”, the individual waveforare, from top to bottom, clock
signal, input sinusoid, output voltage at holdiagacitor )



Manual
control
in

A

Resistance .
fo Pt I ¥
@ out in
L
JL FL .
ouT
Acé Buffer Buffer
oc(")
Figure 23. Schematic of frequency selective filter
gy vt MY

Figure 24. Output equivalent noise of frequent
selective filter

1K 1dH 15K RLT] am 18aM 16
frag [ Hz |

The design was implemented in TSMC (Taiwan Semiogotat Manufacture

Corporation) 0.35um analog & mixed-signal silicobSI process due to its availability
and moderate low cost, compared with other prosesen MOSIS. Latest fabrication

was in April, 2004, with testing has continued sirtben. This section describes the
results of on-chip implementation and testing. E® and 13 shows the top level
schematic and layout, respectively. Fig. 27 shotssé control bus and data line
connections between pixels inside the array. Thadated chip is shown in Fig. 28 with

testing bench shown in Fig. 29.
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A. Photodiode

On-chip N-well/P-substrate photodiode was impleradribr each pixel with the N-well

size of about 25 um x 10 um, as shown in Fig. 3@irgle independent photodiode was
also placed in a spare area of the chip for tegiingoses, as testing inside the array is
not feasible due to layout verification restrictsorThe testing shows this independent
photodiode generates a dc current from a few nAs fiew hundred nAs, depending on
the set-up of the testing bench. The photodiodporeses to both single frequency laser
and broad-band environment light. Photodiode-irepixight have a response different



from this independent one, with the later is usualhaller than the former response.
From Fig. 30, the photodiode area is above 10%fdtal pixel area.

i TR S e

R : - Figure 30. A photodiode in a pixel
Photo diod = (labeled as a non-shaded area)

B. Current to voltage conversion and amplification

As shown in previous section, current generatech fpbotodiode can have magnitudes of
a range of decades. This current includes largkdraund currents and a relative small
signal current. The large background currents bguale either DC or very low
frequency current. If a TIA with a frequency respenas in Fig. 20 is used, then
background currents will also be converted to DGage or very low frequency voltage,
and the conversion gain is extremely high, whichhies same as the signal gain itself.
Such a large DC or low frequency voltage basicdlgtroys bias points for the small
signal, as well as overwrites the small signal agdt This challenge, generally called
dynamic range, is one of the two key challengakeonhole design.

Typically, two methods could be used for a wide ayic range. One is dc current
canceling, and the other is to design the TIA tgeha band-pass frequency response
feature. The latter one was used in this desigth 8 schematic shown in Fig. 31 and
frequency response shown in Fig. 32.
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Figure 31. Schematic of on-chip improved TIA

This improved TIA, based on Fig. 17, has an extriattweshold MOSFET to form a
feedback loop with B¢ Thus, the output load is roughly same for a siigtal current,
but is much low for a DC or very low frequency @ant. The output voltage will
therefore be a small signal voltage around DC pasts that still keep TIA in the linear
transimpedance region, no matter what the backgrdight would be. The external
voltage (labeled as “Vr”) at the gate of subthréediMOSFET could be used to adjust the
frequency response. Fig. 33 shows the parametriaesponses of TIA under different
background currents. Fig. 34 shows the parametainsient response of TIA under
different background currents. The background cusreary from 50 nAs to 450 nAs,
while the signal current is kept at 5 nAs peak-talp

Although simulation results were quite good eveterafve intentionally added a large
offset to mimic imperfect variations in real chifhe chip testing revealed several
modeling issues due to the problems of either fogssdpplied models or the simulator.
In Fig. 35, a voltage output of TIA in the testiptxel was obtained only when the light
intensity and “Vr” were very carefully adjusted.&tVr” value in this case is 1 V, which
is quite different from the value 0.3 V used in slation. However, this output was not
stable on the oscilloscope. Two further testingenmynducted:

1). To mimic the offset of bias at different pix&s the chip, a little deviation of “Vr”
from 1V, like a few millivolts, was introduced. @loutput DC voltage was observed up
or down more than a few hundred millivolts, whileetamplitude of output ac signal
voltage reduced significantly. More deviations thetally drove output to near supply
rails, with almost no signal ac voltage. The cdrresult should be no significant effect
because normal offsets are already taken into deration of the design.



2). If we kept “Vr” at the same and moved the tegpixel about a few hundreds micron,
same effects were observed. This test mimics tkelpat different positions on the chip
under the same light intensity. Due to same illation, the correct result should be that
every pixel has the same output, both dc level amanagnitude, no matter where the
pixel is located.
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To find out the reasons, the nodes’ voltages weeasure throughout the TIA testing
pixel. Most nodes’ voltages were close to simulati@lues, except those around the
subthreshold MOSFET, which also includes output enobhterestingly, if “Vr” is
adjusted to let this MOSFET in the triode regidmert all nodes will be very close to
simulation values. Therefore, the MOSFET under ls@shold has simulation results
different from real chip testing, due to either idevmodel inaccuracy or simulator
problem, both could be made worse if a feedback lexists around this subthreshold
device, just as in our design. Our testing shovestthnsition in subthreshold region is
very sharp, so that a stable operation point ig déficult to find and is prone to various
tiny offsets, i.e. too sensitive for array operatiovhich inherently has various offsets.
But in simulations, even with a large offset, thevide has a wide range for stable
operation points.

C. Frequency selective filtering

Filtering at very low corner frequencies, with alh-chip components and small area
requirement, is another key challenge in the whadsign. Our frequency selective
filtering was tested individually, and the resultere roughly as simulations. With a
comparison with Fig. 22, Fig. 36 shows that batbes are as expected.
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testing waveforms
(From Agilent Infinium oscilloscope

Our frequency selective filter has the advantadesljustable very low corner frequency
with very small area and power consumption, wittcaiponents fitting in the 50 um X
50 um pixel, as shown in Fig. 37. The low pas<ffilincluded could reach a corner
frequency of 1 KHz, as shown in Fig. 38.
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Figure 37. Filter layout in the pixel

Figure 38. On-chip low pass filter
with adjustable corner frequency at
around 1 KHz



D. Shift register

The shift register was designed to shift, one bg, dhe results of 34 x 34 pixels off the
chip. It is implemented in static logic circuitsrfarray testing purposes, and verified to
be correct on chip. The schematic of the shiftgtegiis shown in Fig. 39. This shift
register can fulfill the requirement of the arrgeaation speed, i.e. 20 frames per second.
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Figure 39. Shift register schematic

E. Testing bench design

A testing bench was set up for testing photodiodbdi registers, testing pixels and the
array. A 4-layer PC board was designed and falmicdor testing chip with BGA
fixtures. In addition, several driving circuits farodulating laser diode and LEDs were
designed and implemented on separate perf boaailsshtelding and anti-interference
purpose, the driver circuit board was enclosedspexially designed metal case with one
side covered by shielding/conductive glass. Powppkes (some with very large current
rating), digital multimeters, programmable functigenerators and digital oscilloscopes
were used in testing. Significant coupling probleamise from high speed clocks and fast
rising edges, and thus cause spurious signals @riefiting pins. This could be more



serious for the array testing once the TIA probleslved. Therefore, a special design
project for a high speed testing board is necedsamny future progress.

V. Conclusions and Suggestions

We have designed, fabricated and tested a phogezittat chip. The photo-detecting fill
factor is above 10 % in a pixel of area of 50 urBXum, with the chip has an array of 34
x 34 pixels. Our testing in Fig. 22 shows thatthé TIA background light sensitivity
problem is solved, the design has a good signabtse ratio. Power consumption
simulated for each pixel is less than 1 mW. Framge from simulation is 20
frames/second.

We identified the key problems in the design, antyexd one of the challenges. The
solution to the other problem, i.e. adaptive backgd light, was also investigated. By
either obtaining more accurate device models amalsitor, or creating innovative circuit
techniques, we will be able to solve this problesmell. We are currently working on it
and have some workarounds to avoid this problemh véh prototype and test it if future
research fund could be provided.
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